 3  5 
underwent WES using DNA extracted from peripheral blood cells, with a mean depth of 1 3 7 117x (O'Roak et al., 2011; Sanders et al., 2012; Iossifov et al., 2014) . Trios of 1 3 8 unaffected siblings and parents served as a typical population cohort for comparison. (n=39) or PCR-free library preparation on an Illumina HiSeq X Ten (n=480). Sequencing Variants were called using GATK HaplotypeCaller (version 3.1-1-g07a4bf8, n=19, 1 4 9
MEs were extracted based on genotypes reported in the joint VCF produced by GATK 1 7 2 best practices, using in-house perl scripts or vcftools. Table S1 includes the eight 1 7 3 scenarios considered as MEs that could represent a deletion. Variants in PCGC, GIAB and SSC trios were filtered using the following criteria: read 1 7 7 depth ≥ 10, genotype quality >60 for WES and >30 for WGS (Table S2 ). B allele 1 7 8 frequency (BAF, defined as the alternate allele depth/total depth) was calculated for 1 7 9
heterozygous SNVs, and those with a BAF <0.25 or >0.75 were excluded. Regions For each unique window, the number of probands with MEs, the minimum number of 1 9 8
MEs, the maximum number of MEs and the average number of MEs per proband were 1 9 9 calculated for PCGC and SSC probands. We filtered for windows where the average 2 0 0 number of MEs per proband was >2 MEs. Windows with MEs in PCGC cases were compared to corresponding windows in the 2 0 4 SSC population cohort. Windows with a ME cluster in three or more SSC probands 2 0 5 were excluded, except if the maximum number of MEs in cases was >5. For each sample overlapping windows with MEs were merged to identify putative 2 0 9 deletion regions. The minimum, maximum and average number of MEs per window was 2 1 0 calculated for each region. The number of MEs in each putative deletion region was 2 1 1 calculated in SSC probands and regions with ME clusters as described in Step 4 were 2 1 2 removed from further analysis. Finally, we filtered for regions with an average number of MEs per window >2 in cases.
1 6
We identified the first and last ME within each region and used these as the coordinates 2 1 7 for the putative deletions. For putative deletions identified with MEM from the PCGC WES cohort, we extracted z- Purcell, 2014). Putative deletions were inspected visually ( Figure S1 ) and exons with z-2 2 4 scores <-2 were considered candidates for deletions. Integrated Genomics Viewer (IGV, version 2.3.34) pileup visualization was used as one 2 2 8 method for deletion validation. Variants were visualized in the proband and parents. Deletions were excluded if any of the following aspects were detected: multiple reads 2 3 0 with quality scores of zero in child or parents, no clear drop of coverage in the proband, 2 3 1 or the presence of heterozygous SNVs in the proband. the CNV regions on a scale from 0 -3. We considered scores between 0.7 -1.4 as indicating a heterozygous deletion. De novo deletions were identified by filtering for a 2 3 9 score <1.4 in the child and >1.4 in the parents. We overlapped putative deletions in 2 4 0 WGS cases identified using MEM with de novo deletions identified by CNVnator using 2 4 1 Bedtools intersect, requiring a 25% reciprocal overlap. In the AJ trio, we overlapped identified based on proband and parent genotypes. We overlapped PCGC WGS MEM 2 5 1 deletions with Lumpy de novo deletions in the same manner as CNVnator. In the AJ 2 5 2 trio, we overlapped putative deletions identified with MEM with both inherited and de 2 5 3 novo deletions by Lumpy, and considered all intersections with at least 1 bp of overlap. Homsy, 2014) with the following modification. PCR primers that amplified a portion of 2 6 5 the putative CNV were designed to avoid homopolymer runs or probes that begin with between droplets that contain target and those that did not was achieved by applying a the EvaGreen dye and VIC channels. Confirmed CNV duplications had ≈ 50% increase 2 8 0 in the ratio of positive to negative droplets, as did the reference channel. Conversely, We directly compared the performance of MEM for the detection of de novo deletions 3 0 8 with that of XHMM. Fifty deletions were called by both tools, 46 by XHMM alone, and 25 3 0 9 by MEM alone ( Figure 3A) . Of note, the 25 MEM-exclusive deletions included 13 that 3 1 0 showed no reduction in z-scores with XHMM for proband or parents and, thus, could 3 1 1 represent either de novo deletions or false positives. We considered the size of the With MEM, we identified 15 deletions (13 inherited, 2 de novo) ranging from 11 kb to 1 Following ME extraction and applying quality filters (Table S1 ), the majority of trios had 1 7
All eight instances of UPD were classified as maternal heterodisomy, based on the 3 5 1 presence of heterozygous maternal SNPs. The heterodisomic inheritance was for 3 5 2 chromosomes 4 (x2), 8, 9, 14, 15 and 16 (x2) . UPD was not found in any SSC 3 5 3 probands, and was therefore enriched in cases (binomial, p=0.026). We identified two other distinct ME patterns that were informative. Twenty trios had a 3 5 7 dramatically higher rate of MEs (~50% of all SNVs), which were distributed across every 3 5 8 chromosome ( Figure 4D ). Nearly all of the MEs were attributable to lack of inheritance 3 5 9 from one parent, suggesting either a sample switch or incorrect paternity. Similarly, we observed an elevated, but lower, rate (20-30%) of MEs distributed across 3 6 2 the entire genome in six other probands ( Figure 4C ). We hypothesized that this pattern 3 6 3 might be due to DNA contamination, which was confirmed with the program All samples with likely sample mix-ups, DNA contamination or UPD were excluded from 3 6 7 further analysis. Before applying MEM to WGS data, we first needed to determine if the increased SNV 3 7 1 density in WGS data relative to WES data could lead to ME clusters by chance alone. To test this, we generated a null model of SNV clusters across the genome. We only 3 7 3 1 8 considered heterozygous SNVs, and also applied additional filters for genotypes 3 7 4 generated from WGS as shown in Table 1 . After applying these quality filters, the 3 7 5 median number of MEs per proband among the 350 PCGC WGS trios was 317. We slide. We calculated the number of windows with SNV clusters divided by the number of 3 7 9 windows with at least 1 SNV. The null model had a mean of 0.3% of windows with a 3 8 0 SNV cluster ( Figure S2 ). In contrast, 21.4% of windows with at least 1 ME among the 3 8 1 PCGC WGS probands had a ME cluster and they were infrequent across the genome 3 8 2 ( Figure S2 ). From these results, we inferred that ME clusters in WGS were likely non-3 8 3 random and were likely identifying underlying deletions. To test the robustness of MEM for calling deletions from WGS, we identified putative Based on the promising results from GIAB, we proceeded to apply the MEM pipeline to 4 2 2 identify deletions from 350 WGS case trios from the PCGC, and 517 healthy trios from 4 2 3 the SSC. From the PCGC trios, MEM identified 6,645 regions with ME clusters 4 2 4 (mean=19.1/proband) that ranged in size from 3 bp to 9 Mb, with a median size of 2.9 4 2 5 kb and a mean size of 20 kb (Table S3 ). Eleven percent of regions included exons. We by MEM with WGS. All of the deletions were the same size or larger when detected by 4 3 0 WGS except for one. This is expected as the increased SNP density of WGS provides 4 3 1 more informative sites for MEM, thus facilitating a better estimate of the deletion size. To determine if the ME clusters in WGS data identified true deletions, we integrated We compared the computational resources required for MEM and the other CNV 4 6 7 detection tools used in this study for deletion identification in one trio (Table 1) . Runtime with 64 GB memory and Cray nodes. We did not utilize parallelization for any of the smaller deletions with high precision and increased sensitivity, as well as reducing the 5 1 0 need for PCR-based validation, which is expensive and time-consuming. In conclusion, MEM is an orthogonal tool that identifies deletion CNVs with over 90% 5 8 3 PPV and is a valuable addition to CNV detection pipelines for both WES and WGS. As data will only increase. This is particularly true with relation to disease causing CNVs as pathogenic CNVs due to limited specificity of current SV tools. Adapted from McCarroll et al. 2006 (McCarroll et al., 2006 . 
